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ABSTRACT
EVALUATION OF SEMIOCHEMICALS FOR ATTRACTIVENESS TO
MULTIPLE TORTRICID (LEPIDOPTERA) PESTS IN APPLE ORCHARDS
SEPTEMBER 2022
AJAY PRATAP GIRI, B.S., HIMALAYAN COLLEGE OF AGRICULTURAL
SCIENCE AND TECHNOLOGY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Jaime C. Piñero
Tortricid moths (Lepidoptera) are known for their outstanding olfaction capabilities that
allow them to detect, process, and respond to chemical information emitted by host or
non-host plants. Such an ability to filter out odors from the complex mixture to locate
their host has allowed researchers and integrated pest management (IPM) practitioners to
develop and implement semiochemically-based pest control strategies. The major goal of
this study was to evaluate, under field conditions, the response of male and female
oriental fruit moth (OFM), codling moth (CM), redbanded leafroller (RBLR) and three
lined leafroller (TLLR) to experimental kairomone lures in commercial apple orchards in
Massachusetts. My results indicate that (1) addition of benzaldehyde to Megalure or to
TRE2266 significantly increased captures of OFM males but not of CM males, (2)
benzaldehyde was a strong male attractant-it was as attractive as Megalure to OFM
males, and (3) TRE2266 attracted significantly more RBLR than any other lure and by
adding benzaldehyde it became attractive to TLLR. These findings highlight the
opportunity to work with benzaldehyde to develop more efficient semiochemical-based
monitoring and control systems for tortricid moths.
vii
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CHAPTER 1
INTRODUCTION
1.1 Importance of apple production and key lepidopteran pests.
Apple, Malus domestica (Borkh, 1803), is an economically important fruit crop in
United States of America (USA), only second to grapes in terms of production (USDA
NASS, 2020). In New England (Connecticut, Maine, Massachusetts, New Hampshire,
Rhode Island, and Vermont) apple accounts for approximately 12,603 acres producing
64,586 metric tons annually (NASS, USDA 2020). In eastern North America, apple
orchards are often attacked by several insect pest species in the lepidopteran family
Tortricidae. Some common fruit pests of economic importance in this family are the
codling moth (Cydia pomonella) (L.) (CM), oriental fruit moth (Grapholita molesta)
(Busck) (OFM), redbanded leafroller (Argyrotaenia velutinana) (Walker) (RBLR),
obliquebanded leafroller (Choristoneura rosaceana) (Harris) (OBLR) and three-lined
leafroller (Pandemis limitata) (Robinson) (TLLR) (Chapman and Lienk, 1971; Lacey et
al., 2007). Damage by multiple species of tortricid pest affects the cosmetic value of
apple and therefore are culled before packing, reducing the revenue of apple growers
(Williamson et al., 1996).

Figure 1: Pictures showing OFM (A) (Source: Giligan and Epstein), CM (B) (Source: growing
produce.com), RBLR (C) (Source: Jerry Armstrong), TLLR (D) (Source: Steve Nanz), and OBLR (E)
(Source: Mark Dreiling)
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Tortricid moths are notorious pests of pome (e.g., apple) and stone (e.g., peach, Prunus
persica (Batsch)) fruits. Larvae are the most destructive stage. In apples they are
notorious pest due to their feeding on leaves, shoots, buds, and mostly fruits. Most of the
tortricid larvae feed on the fruit epidermis creating deep gouges or bore deep to the core
leaving frass on the fruit’s surface. Larvae of CM even bore deep into the core to feed on
seeds. Larvae of leafrollers produce silk to curl the leaf, hence the name leafroller, as a
defense from predators and insecticides. The number of generations per year may vary
across populations along latitudinal clines. For example, while in New England the
RBLR has two generations per year, the Midwest populations can have 2-4 generations,
depending on weather (Egel et al., 2011). Therefore, damage from tortricid pests is
expected throughout the entire growing season.
Sex pheromone lures are widely used in traps to track the seasonal populations of
CM, OFM, RBLR, and OBLR in conventional and mating disruption orchards (Gut and
Brunner, 1996). In mating disruption systems, synthetic sex pheromones are continuously
dispersed into the air space of crop for extended periods to interfere with mate finding
and subsequently suppress pest reproduction (Miller et al., 2006). However, the use of
same component i.e., sex pheromone in mating disruption dispensers as well as in
monitoring traps creates difficulties in accurately assessing male moth’s densities due to
reduction in moth catches (Knight and Light, 2005). In addition, in mating disruption
systems, there is a chance of mated females immigrating from outside areas and infesting
fruits in the orchard. For mating disruption to be effective, areas larger than six acres are
recommended (Ioriatti and Lucchi, 2016). Thus, this control measure is suitable for largescale conventional growers (Akotsen-Mensah et al., 2020; Orpet et al., 2020) whereas for
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small-scale growers, this control method is logistically inapplicable and expensive.
Therefore, identifying alternative lures that can attract female moths has been voiced by
growers and researchers (Knight et al., 2000; Light et al., 2001; Witzgall et al., 2008).
Being able to monitor female moth populations is expected to result in more ecofriendlier and cost-effective integrated pest management (IPM) approaches for these
notorious pests.
Monitoring female moth populations is important step for pest management
because it allows to improve predictive models and to establish more precise action
thresholds. Increased captures of moth of both sexes by the addition of plant volatiles (or
kairomones) can improve the effectiveness of moth monitoring and mating disruption
systems (Landolt et al., 2014; Jaffe et al., 2018; Knight et al., 2019). There are some
reports of plant volatiles that are attractive to female moths. For example, Piñero and
Dorn (2007) reported the kairomone blend of three green leaf volatiles ((Z)-3-hexen-1-ol,
(E)-2-hexenal, and (Z)-3-hexen-1-yl acetate) in combination with synthetic aromatic
compounds, benzaldehyde and benzonitrile, had a synergistic effect on female OFM
attraction. Furthermore, Knight et al. (2019) reported the use of four kairomone blend
consisting of pear ester (ethyl (E,Z)-2,4-decadienoate), acetic acid, (E)-4,8-dimethyl1,3,7-nonatriene (DMNT), and pyranoid significantly increased catches of CM males and
females when compared to traps baited with CM sex pheromone, pear ester, and acetic
acid.In addition, female monitoring would allow for more precise estimation of pest
activity and densities thereby fine-tuning spray programsand could lead to improved
“biofix” that can accurately predict the onset of egg hatch (Barros-Parada et al., 2015).
Moreover, females are inclined to oviposit in trees where they can sense the familiar
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plant volatiles, because this ensures availability of both food and shelter (Kamala
Jayanthi et al., 2014; Li et al., 2020; Xu et al., 2021). Hence, plant volatiles could be used
to develop “Attract-and-Kill” systems, where pests are lured to a certain area in the
orchard and killed by application of a toxic component. In this system, the attract
component is a powerful lure and the kill component can be represented by insecticides
that are applied to smaller areas (Lösel et al., 2000; Krupke et al., 2002; Wright et al.,
2012; Morrison et al., 2019; Piñero et al., 2020).
1.2 The codling moth, a worldwide pest of pome fruit
Codling moth (Cydia pomonella) (L.) (CM) is a serious pest of apple orchards and
can also attack pear (Pyrus spp. L.), walnut (Juglans regia L.), quince (Cydonia oblonga
L.), and some stone fruits. It is native to Asia Minor and has been introduced into North
America about 1750 (Slingerland, 1898). It is found in almost every country where
apples are grown, making it one of the most successful pest insects known today (Barnes,
1991; Thaler et al., 2008). It has adapted successfully to different habitats by forming
various ecotypes (populations), often designated with term strains, which differ among
each other in several morphological, developmental, and physiological features (Meraner
et al., 2008).
The adults of CM are about 10 millimeters in length and can be distinguished
from other fruit tree moths by their dull grey wings with shiny, bronze-colored wingtips.
CM overwinters as a fully grown larva under loose scales of bark and in the soil or debris
around the tree bases by forming silken cocoon (Alford, 1984). Early in the spring when
temperature exceeds 10°C, the larva pupates inside the cocoon. To emerge as an adult,
accumulation of 100 degree-days at base temperature of 10°C is required from 1st of
4

January in Northern hemisphere. For whole lifecycle (i.e., from eggs, larva, pupa to
appearance of adult moths), the sum of 610-degree days is needed (Wildbolz, 1962).
The larvae are the only destructive stage of this pest. They can penetrate fruit and
bore into the core leaving frass around the holes. Feeding damage by the larvae makes
fruits unacceptable for fresh market sales. For this reason, the combined infestation of all
pests including CM in apple orchard should not be above 1% at harvest (Mota-Sanchez et
al., 2008). Living inside the apple fruit during larval development, larvae are well
protected from predators and insecticides, making it difficult to control (Lösel et al.,
2000). The standard control strategy largely depends on conventional insecticide sprays
largely involving broad-spectrum organophosphates (e.g., phosmet), neonicotinoids (e.g.,
thiacloprid), and more recently diamides (e.g., chlorantraniliprole) (Lösel et al., 2000;
Bassi et al., 2009; Reyes et al., 2015). Other materials applied against tortricid moths
include insect growth regulators such as tebufenozide and methoxyfenozide. Bush et al.
(1993) and Knight et al. (1994) reported CM resistance to organophosphate insecticides
in the US. Mota-Sanchez et al. (2008) reported CM resistance to insect growth regulators,
and Îşci and Ay (2017) reported medium resistance to thiacloprid. Increased public
awareness of exposure to pesticide (Prokopy and Croft, 1994), development of pesticide
resistance (Bush et al. 1993; Knight et al. 1994; Mota-Sanchez et al., 2008; Îşci and Ay,
2017) and soaring costs for registration of new compounds are forcing a reconsideration
of existing pest management program in tree fruits (Knight, 1994).
1.2.1. Semiochemicals used for codling moth monitoring and management.
Semiochemicals (from the Greek, semeion, meaning sign or signal) are chemicals
mediating behavioral or physiological responses between organisms, either within the
5

same species (pheromones) or from different species (allelochemicals) (Law and Regnier,
1971; Nordlund and Lewis, 1976). Semiochemicals are usually classified depending on
the benefits or harms resulting from the interaction. Examples of semiochemicals include
kairomone (favors the receiver), allomone (favors the emitter), and synomone (favors
both emitter and receiver) (Dicke and Sabelis, 1988). The study of semiochemicals is a
part of chemical ecology and contributes to a better understanding of the behavior,
development, and evolution of organisms. From a practical viewpoint, such research also
provides the use of semiochemicals for pest control as an alternative to exclusive use of
broad-spectrum pesticides (Agelopoulos et al., 1999).
With the identification of the compound (E,E)-8,10-dodecadien-1-ol (codlemone),
the major component of CM female sex pheromone, by Roelofs et al. in 1971, mating
disruption became an alternative control method (Williamson et al., 1996). Captures of
male moths have been used as an effective tool to establish action threshold and time
control measures. But the problem with male-only monitoring is that it leads to false
assumption that the emergence, mating, and oviposition of females closely mirrors that of
the males (Knight et al., 2000). Efforts to monitor female moths with interception, light,
or bait traps have been made but none of these methods were as easy and inexpensive as
the use of sex-pheromone-baited traps.
For the last 50 years, it has been well known that CM adults and larvae are
attracted to apple odor (host plant volatiles) (Wearing and Hutchins, 1973; Landolt et al.,
2000; Hern and Dorn, 2002; Coracini et al., 2004). The principle behind chemical
ecology research on host plant volatiles or kairomones for CM mostly follow three steps:
in-situ identification of volatile compounds released from the foliage and fruit of the host
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plant; identification of compounds that elicit antennal responses in males and females;
and behavioral response of male and female in laboratory and field trials when tested
alone or in blends (Knight et al., 2011). Several flight tunnel and olfactometer attraction
bioassays involving apple fruit and foliage have yielded numerous antennal lobe-eliciting
compounds such as (E,E)-α-farnesene, (E)-β-farnesene, ethyl (E,Z)-2,4-decadienoate
(Pear ester), butyl hexanoate, β-caryophyllene, (E,E)-farnesol, hexyl hexanoate, R-(+)limonene, 2-methylbutyl acetate and (±)-linalool (Bengtsson et al., 2001; Light et al.,
2001; Hern and Dorn, 1999; Ansebo et al., 2004; Coracini et al., 2004; Vallat and Dorn,
2005; Knight et al., 2011). Many of these host chemical compounds are associated with
finding hosts or oviposition sites (Landolt et al., 2007). Bradley and Sucking (1995)
reported positive responses of neonate CM larvae to α-farnesene, a defensive volatile
compound that is produced in response to insect attack. Laboratory bioassays by Hern
and Dorn (1999) showed attractiveness of α-farnesene to CM adults. However, one factor
preventing the use of α-farnesene as a semiochemical tool is its instability and rapid
chemical breakdown (Anet, 1969; Cavill and Coggiola, 1971). Unlike α-farnesene, ethyl
(E,Z)-2,4-decadienoate (hereafter referred to as pear ester) is chemically stable and shows
stronger electrophysiological antennal lobe response in both male and female codling
moths and is not affected by mating status (Light et al., 2001; Knight and Light, 2005).
Yet, the field efficacy of pear ester is variable, and it seems to depend on crop type and
geographical region (Ioriatti et al., 2003; Trimble and El-Sayed, 2005, Mitchell et al.,
2008). The most practical use of pear ester is in the form of a commercially available
combo lure, loaded with pear ester and codling moth sex pheromone (Knight et al., 2005;
Joshi et al., 2011; Ioriatti and Lucchi, 2016).
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In some cases, host plant-based volatiles that are found to be attractive in
laboratory bioassays do not elicit adequate levels of attractiveness in field studies and
vice versa (Landolt and Guédot, 2008; Knight et al., 2011). For example, Hern and Dorn
(2001 and 2004) reported hexyl hexanoate and butyl hexanoate as female attractant in
laboratory olfactometer assays, but these compounds were ineffective in field testing
(Ansebo et al., 2004). In contrast, (E)-β-farnesene and pear ester were poor attractants for
male CM in a flight tunnel study (Ansebo et al., 2004) but were attractive in field tests
(Light et al., 2001).
Some plant volatiles that are attractive to CM may not be present in the seasonal
host plant volatile profile. For example, the weak attractant (E,E)-farnesol was not
detected in the seasonal volatile profiles of intact apple fruits (Bengtsson et al., 2001) but
it was detected in the headspace of detached apples (Landolt and Guédot, 2008).
Similarly, (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) was not detected in apple volatile
profiles (Vallat and Dorn, 2005), yet when a blend of 4 compounds that included (E,E)-αfarnesene, (E)-β-farnesene, linalool and DMNT was evaluated in the field. In turn,
Coracini et al. (2004) reported it to be effective at attracting CM males. Landolt and
Guédot (2008) suggested that attraction of CM adults to ripe fruit odor, specifically to
pear ester, may related to a food-finding behavior rather than finding oviposition sites.
This is because pear ester is produced by ripe pears (Jennings et al., 1964) at the end of
the season, when most of the oviposition has already occurred (Landolt et al., 2007).
Some research conducted with microbial-based volatiles has led to identification of
compounds that are attractive to CM. Yothers (1930) reported that CM can be captured in
traps baited with acetic acid, a microbial fermentation product. Interestingly, Landolt et
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al. (2007) demonstrated that captures of male and female CM can be synergized by
adding acetic acid to pear ester. Knight et al. (2011) reported that 60-75% of the moths
captured in traps baited with DMNT and acetic acid were females. Furthermore, Landolt
et al. (2014) developed a three-component lure comprising acetic acid, pear ester, and Nbutyl sulfide that is attractive to both males and females. Based on those findings, acetic
acid has the potential to be used as a co-attractant lure in orchards treated with mating
disruption.
The development of lures with compounds that act synergistically is of particular
interest (Piñero and Dorn, 2007). The inclusion of pear ester improves the performance of
pheromone lures and also help capture CM females (Joshi et al., 2011; Ioriatti and
Lucchi, 2016). Similarly, the addition of acetic acid to pear ester and/or DMNT has
produced attractive blends and increased female captures (Landolt et al., 2007; Knight et
al., 2011). Most recently, Knight et al. (2019a) evaluated pyranoid (PyrLOX) and
furanoid (FurLOX) linalool oxide, floral volatiles produced by oxidation of linalool, as
additional attractants in the synergistic blend of pear ester, acetic acid and DMNT. Only
the addition of PyrLOX, 6-ethenyl-2,2,6-trimethyloxan-3-ol, to the blend of pear ester,
acetic acid and DMNT significantly caught more CM males and females than other nonpheromone and pheromone blend tested (Knight et al., 2019a).
One desirable application of lures that are attractive to females is in the context of
mass trapping. For instance, the four kairomone blend (4-K) that includes pear ester,
acetic acid, DMNT and PyrLOX was found to be an effective “female removal” strategy
for CM management (Preti et al., 2021) in the western region (e.g., Washington State,
Oregon) of the USA. However, CM populations from different geographical regions
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seem to have variable responses to the 4-K lure as shown in studies conducted in Italy
(Löfstedt, 1990; Ioriatti et al., 2003; Trimble and El-Sayed, 2005; Meraner et al., 2008;
Mitchell et al., 2008; Dekker et al., 2020; Preti et al., 2021). Therefore, there is a need to
not only evaluate already developed lures in various regions of the world but also to
improve lures using additional semiochemicals that could result in more effective
monitoring and control systems for CM.
1.3 The oriental fruit moth, a worldwide pest of stone and pome fruit.
The Oriental fruit moth, Grapholita molesta (Busck) (OFM), is a key worldwide
pest of stone (Prunus spp.) (Rothschild and Vickers, 1991) and pome fruits (apple, pear,
etc.) (Chapman and Lienk, 1971; Il’ichev et al., 2004; Kovanci et al., 2004). OFM is
assumed to be native to Northwest China from where it became distributed to other parts
of world through trade and transport of fruit material (Rothschild and Vickers, 1991).
After its first detection in Eastern United States in 1913, it has spread to almost all peach
growing areas of the USA through shipment of infested fruit and nursery stock bearing
overwintering larvae (Rings, 1970; Rothschild and Vickers, 1991). OFM is an important
quarantine pest affecting export of fruit from the USA (Knight et al., 2011a).
OFM has three to four generations in the northern fruit production areas of the
USA (Rice, 1990). The larvae of the first- and second-generation feeds on tender shoots
of host plants, particularly peach, causing terminal to wilt or flag, but as soon as the fruit
is of suitable size and texture, preference is shown towards fruit (Rings, 1970). In apple,
OFM larvae feed around the fruit surface, but not in the core, causing it to be rated offgrade for market (Rashid et al., 2001). OFM causes more severe damage in apple blocks
that are planted side by side with peaches or nectarines (Chapman and Link, 1971;
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Usmani and Shearer, 2001). Because of the high value of the fruit and strict quality
standard for domestic and international markets, there is a near zero-tolerance for
damage. Therefore, insecticides had played a key role in the management of this pest
(Magalhaes and Walgenbach, 2011).
Insecticides that are applied in apple and peach orchards against OFM include
organophosphates, carbamates, pyrethroids, and neonicotinoids (Kanga et al., 2003;
Elbert et al., 2008; Jones et al., 2011). More recently, diamides became available for the
control of lepidopteran pests including OFM and CM (Bassi et al., 2009; Jones et al.,
2012). However, some OFM populations have developed resistance and cross-resistance
to organophosphate, carbamate, and pyrethroid insecticides (Kanga et al., 1999, 2003;
Pree et al., 1998). Due to the reduction in the efficacy of some insecticides and growing
public concern about pesticide exposure (Prokopy and Croft, 1994), there has been a shift
toward the development of more sustainable management programs (Trimble et al.,
2001).
1.3.1. Semiochemicals used for oriental fruit moth monitoring and management.
Effective monitoring is a key component in OFM management to establish action
thresholds and time insecticide sprays (Charmillot and Vickers, 1991; Knight and Light,
2005). The major component of the OFM sex pheromone, (Z)-8-dodecenyl acetate (Z812:Ac) was first identified by Roelofs et al. (1969). The chemical blend with a 100:6:10
of (Z)-8-dodecenyl acetate (Z8-12:Ac), (E)-8-dodecenyl acetate (E8-12:Ac), and (Z)-8dodecenol (Z8-12:OH) respectively is the most attractive pheromone blend that attracts
male OFM (Cardé et al., 1979; Linn and Roelofs, 1983). Ammagarahalli et al., (2015)
reported that OFM male captures can be further enhanced by the addition of codlemone
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[(E,E)-8,10-dodecadienol], codling moth sex pheromone, to OFM sex pheromone by
removing Z8-12:OH component from the OFM sex pheromone.
Monitoring traps baited with OFM sex pheromone lures are used by growers to
assess population dynamics and time insecticide sprays (Knight et al., 2014). Mating
disruption has been widely used to manage OFM through hand-applied dispensers,
microencapsulated sprays, aerosol emitters, and attract-and-kill formulations (Rothschild,
1979; Knight et al., 2014). However, in mating disruption orchards the monitoring traps
baited with sex pheromone typically perform poorly in tracking the seasonal dynamics of
male OFM populations (Rice, 1990; Il’ichev et al., 2007; Knight et al., 2013). On the
other hand, female OFM can make inter-orchard flights and are considered the major
colonist (Dorn et al., 2001; Hughes and Dorn, 2002). Therefore, non-pheromonal lures
are needed in pheromone treated, as well as untreated orchards to monitor both sexes of
OFM.
As an alternative to the use of sex pheromones, liquid bait pans baited with 0.05%
terpinyl acetate and 10% brown sugar had been used by growers to monitor OFM
populations (Rothschild et al., 1984; Il’ichev et al., 2004, 2007). Although liquid terpinyl
acetate and brown sugar (TAS) attract both sexes of OFM, the use of these materials in
traps is cumbersome to maintain due to spillage, captures of non-targets and rapid decay
of insects in fermenting solution (Rothschild et al., 1984; Kovanci and Walgenbach,
2005). To tackle the problem of handling liquid bait, an alternative dry TAS lure was
developed that can be placed on the sticky liner inside standard delta-shaped traps, but
this lure was less effective than liquid bait traps (Knight et al., 2011a). Another form of
TAS trap is an Ajar trap, where liquid is placed in a screened container inside the delta-
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shaped trap and sticky liners are placed inside to trap moths (Cichon et al., 2013; Padilha
et al., 2018). Even though the Ajar trap performed similarly as the liquid bait pans and in
addition overcame the problem of decaying specimens in the liquid, it requires sorting
non-targets and periodic maintenance, which still makes its use cumbersome (Mujica et
al., 2018).
In the past few decades, studies have focused on the identification of host plant
volatiles as potential attractants for adult OFM (Natale et al., 2003, 2004; Piñero and
Dorn, 2007; Piñero et al., 2008; Varela et al., 2011; Najar-Rodriguez et al., 2013). Natale
et al. (2003) reported twenty-two compounds, through gas chromatography-mass
spectrometer (GC-MS), that were emitted from the headspace of peach shoots. Based on
further research, a three-component blend composed of (Z)-3-hexen-1-yl acetate, (Z)-3hexen-1-ol and benzaldehyde in a 4:1:1 ratio was reported to be as attractive as the full
natural blend of peach shoots. In another study, Natale et al. (2004) reported butyl
hexanoate, a major component of apple fruit volatile, as female OFM attractant.
Subsequently, Piñero and Dorn (2007) reported a bioactive five-compound mixture of
three green leaf volatiles ((Z)-3-hexen-1-ol, (E)-2-hexanal, and (Z)-3-hexen-1-yl acetate)
and two aromatic compounds (benzaldehyde and benzonitrile) which acted
synergistically in female OFM attraction. Moreover, Varela et al. (2011) reported
increased responses of male OFM when suboptimal doses of the OFM sex pheromone
were added to the five-compound mixture. Most of these studies seem promising but they
were limited to laboratory bioassays. Therefore, thorough field evaluations of these host
plant volatiles are needed to develop more effective monitoring systems.
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Il’ichev et al. (2009) detected seven bioactive compounds (α-piene, (Z)-3-hexenyl
acetate, limonene, (E)-β-ocimene, (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) and (E)-βfarnesene) through GC-MS from intact peach leaves and young shoot tips. Of these
compounds, three compounds, (Z)-3-hexenyl acetate, (E)-β-ocimene and (E)-β-farnesene,
in 1:2:2 ratio attracted most male OFM, but not females, when tested in the field. One of
the field studies by Knight et al. (2013) reported the addition of (E)-β-ocimene, or (E)-βfarnesene, or butyl hexanoate septa lures to TAS-baited Ajar trap increased total OFM
catch and the presence of (E)-β-ocimene also increased female captures compared to TAS
alone. In a field study conducted in Chile by Barros-Parada et al. (2018), the researchers
evaluated three different blends reported by Il’chev et al. (2009), Lu et al. (2012), and
Piñero and Dorn (2007) and only found the five-compound mixture by Piñero and Dorn
(2007) to be attractive. Results from an extensive field investigation by Mujica et al.
(2018) involving pheromones, host plant volatiles, food-baits, and their combinations,
indicated increased OFM captures when food baits, acetic acid and terpinyl acetate, are
added to lure containing OFM pheromone and codlemone, but the addition of host plant
volatiles β-ocimene or (Z)-3-hexenyl acetate to pheromones did not increase the captures.
Although considerable studies have focused in developing novel attractants for
OFM, including improved trap designs, refinements are still needed in regards of
behavioral difference in geographical strains. Thus, it is important to test different
chemical combination in different apple growing areas around the world to effectively
develop an area specific monitoring system and control measure.
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1.4 Background on leafrollers, important apple pests.
The red banded leaf roller, Argyrotaenia velutinana (Walker) (RBLR),
obliquebanded leafroller, Choristoneura rosaceana (Harris) (OBLR), and three lined
leafroller (Pandemis limitata) (Robinson) (TLLR) are pests of apple in the Northern
United States (Roelofs et al., 1970; Chapman, 1973). RBLR OBLR and TLLR are native
to North America (Weires and Riedl, 1991). OBLR and TLLR has one or two generations
per year while RBLR has two to three generations per year depending on climate
(Chapman and Lienk, 1971). Larvae of these leafrollers feed on buds, leaves, and flowers
in the spring and on leaves and the surface of fruits in the summer (Beers at al., 1993).
The larvae roll leaves and remain hidden. Apples damaged by first-generation leafrollers
often fall to the ground. However, feeding by summer subsequent generation leafroller
results in feeding scars on harvested fruit. Insecticide applications can be ineffective at
controlling leafrollers given that the larvae hide inside rolled leaves. Fruit damage caused
by the surviving larvae can lead to market rejection. Beside this, some OBLR and RBLR
populations have been reported to have developed resistance and cross resistance to
organophosphates, carbamates and pyrethroids (Carriѐre et al., 1996; Lawson et al., 1997;
Pree et al., 2001; Dunley et al., 2006). While there are no studies reporting TLLR
resistance to insecticides, restrictions on the use of broad-spectrum insecticides have
resulted in increased interest in alternative management strategies such as reduced-risk
insecticides, use of microbials, and mating disruption (USEPA, 1997; Cossentine et al.,
2003; Sial et al., 2010).
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1.4.1. Semiochemicals used for leafrollers monitoring and management.
Monitoring is a key strategy of IPM programs to establish action thresholds and
more accurately timing of insecticide sprays (Knight and Light, 2005). Adults of RBLR,
OBLR, and TLLR are monitored with traps baited with synthetic sex pheromone, but the
relative performance of the lures is quite variable, as discussed below.
The major component of the RBLR and OBLR female sex pheromone is (Z)-11tetradecenyl acetate (Z11-14:Ac) (Roelofs et al., 1970). The sex pheromone of OBLR
also contains (E)-11-tetradecenyl acetate (E11-14:Ac), (Z)-11-tetradecenol (Z11-14:OH),
and (Z)-11-tetradecenal (Z11-14:Al) (Hill and Roelofs, 1979) whereas the sex pheromone
of RBLR also contains E11-14:Ac and dodecyl acetate as a minor component (Roelofs et
al., 1975). Similarly, the TLLR female sex pheromone also contains Z11-14:Ac and
another component, Z-9-tetradecenyl acetate (Z9-14:Ac) in the ratio 91:9 (Roelofs et al.,
1976). While RBLR and TLLR are reported to have stable responses to its major sex
pheromone component, Z11-14:Ac, (Novak and Roelofs, 1985) the response of OBLR is
varied. Various lures have been developed for OBLR using different ratios and numbers
of above-mentioned components. For example, Cardé et al. (1977) reported the attraction
of male OBLR to Z11-14:Ac and E11-14:Ac in a 98:2 ratio in eastern United States,
whereas RBLR was attracted to same blend when tested at the 92:8 ratio. Similarly, Hill
and Roelofs (1979) reported attraction of northeastern populations of OBLR to Z1114:Ac, E11-14:Ac and Z11-14:OH in a 90:5:5 ratio. But the same lure caught less OBLR
in Western United States than traps baited with 85:15 ratio of Z11-14:Ac and Z11-14:OH
(Vakenti et al., 1988). Weatherston et al. (1976) reported the addition of 1% of fourth
component, (Z11-14:Al), to Z11-14:Ac significantly increased trap captures of OBLR in
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Northern Ontario. Subsequently, a four component blend of Z11-14:Ac, E11-14:Ac, Z1114:OH and Z11-14:Al in a ratio of 100:2:1.5:1 was recommended to monitor OBLR in
Ontario (Vankenti et al., 1988). Further, El-Sayed et al. (2003) reported the addition of
1% Z11-14:Al to 97:2:1 ratio of Z11-14:Ac, E11-14:Ac and Z11-14:OH attracted more
than two fold OBLR in traps in a Canadian population, whereas it had no effects in
Michigan and New York. These varying results suggest that there may be qualitative
differences in the composition of the sex pheromone of OBLR population in different
regions and thus indicate the need of considering regional differences while monitoring
with synthetic pheromone blends (Thomson et al., 1991).
Sex pheromone lures have been evaluated in different blends and installed at
higher densities in tree fruit orchards to disrupt the mating of RBLR and OBLR. While
RBLR and TLLR are reported to be easily disrupted, even with their major component
used alone (Novak and Roelofs, 1985), mating disruption of OBLR is often difficult as
measured by reduced catch (>90%) of OBLR in monitoring traps baited with sex
pheromone in mating disruption orchards compared to untreated orchards (Deland et al.,
1994; Agnello et al., 1996; Lawson et al., 1996; Judd and Gardiner, 2008). Such low
levels of male OBLR captures make it difficult to track the seasonal population to make
informed IPM decisions (Knight et al., 2014a). To the best of my knowledge, mated
OBLR females cannot be monitored using existing lures. Such a lack of female
attractants does not allow growers to access the risk of females penetrating and infesting
fruit in orchards under mating disruption. Therefore, there is a need to develop effective
non-pheromonal lures to attract both sexes of leafrollers.
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The use of host plant volatiles as potential attractant for adult leafrollers has been
explored mostly by Knight and collaborators. A number of plant volatiles including
(E,Z)-2,4-decadienoate (pear ester), butyl hexanoate, (E)-β-farnesene, (E)-β-ocimene,
(E)-4,8-dimethyl-1,3,7-nonatriene, (Z)-3-hexenyl acetate (leaf acetate) and farnesol have
been tested alone or in combination with glacial acetic acid (GAA) and codlemone
(Knight et al., 2014a). Interestingly, traps baited with codlemone (sex pheromone of
CM), pear ester and GAA co-lure caught both sexes of OBLR along with other tortricids.
But none of the above-mentioned plant volatiles significantly increased leafroller
captures when compared to OBLR sex pheromone. El-Sayed et al. (2016) reported that
the apple seedlings release seven compounds in relatively large amounts: acetic acid,
acetic anhydride, benzyl alcohol, benzyl nitrile, indole, 2-phenylethanol, and (E)nerolidol, only when infested by larvae of the light brown apple moth, Epiphyas
postvittana (LBAM). Surprisingly, the blend consisting of benzyl nitrile and acetic acid
attracted larger number of conspecific male and female LBAM and the blend of 2phenylethnol and acetic acid caught greater numbers of male and female OBLR. Knight
et al. (2017) and El-Sayed et al. (2018) also reported adequate levels of attraction of male
and female OBLR to the blend of 2-phenylethnol and acetic acid. Similarly, Judd at al.
(2017) reported the attraction of both male and female TLLR to the blend of 2phenylethnol and acetic acid. Furthermore, this binary blend of kairomones caught more
moths in mating disruption orchard than pheromone-baited traps (Knight et al., 2017).
While there are some studies published regarding OBLR attraction to host induced
volatiles, the response of RBLR to these compounds is less explored, may be due to its
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minor pest status. But still there is an opportunity with herbivory induced plant volatiles
to develop a multi-species lure to monitor multiple leafroller species in apple orchards.
1.5 Research objectives
The main goal of my studies was to evaluate the efficacy of novel kairomone
lures to monitor both sexes of tortricid moths. The specific objectives of the research are:

1. To quantify the responses of both genders of multiple tortricid moth species to
experimental kairomone lures under field conditions.
2. To assess the performance of an experimental kairomone lure in association with
varying doses of benzaldehyde, an aromatic compund.
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CHAPTER 2
RESPONSE OF MALES AND FEMALES OF MULTIPLE SPECIES OF
TORTRICID MOTHS TO EXPERIMENTAL KAIROMONE LURES
2.1 Abstract
Apple orchards are often attacked by several tortricid (Lepidoptera) pests such as
codling moth (Cydia pomonella) (CM), oriental fruit moth (Grapholita molesta) (OFM),
leafrollers such as redbanded leafroller (Argyrotaenia velutinana) (RBLR), three lined
leafroller (Pandemis limitata) (TLLR) and obliquebanded leafroller (Choristoneura
rosaceana) (OBLR) that are either, key or secondary pests directly damaging the fruit.
Sex pheromone-based lures had been used to monitor male moth populations and to
control some moth species directly via mating disruption. However, the use of sex
pheromone in mating disruption orchards creates difficulties in accurately monitoring
male moth’s densities due to reduction in moth catches. Increased captures of moths of
both sexes by the addition of kairomones could improve the effectiveness of these
systems. The major goal of this study was to quantify attraction of multiple tortricid moth
adults to one pheromone and four kairomone-based lures in commercial apple orchards in
Massachusetts. The results indicate that Megalure CM 4K Dual® (Megalure) was
attractive to both sexes of OFM and CM, showing the potential to be used as a dual lure
to potentially detect and remove female moths in a mating disruption system. The
addition of benzaldehyde to TRE2266 or Megalure significantly increased captures of
OFM males but not of CM males. The greatest number of tortricid moths (all four species
combined) was captured by TRE2267, a lure that has benzaldehyde included in its
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formulation, a finding that highlights the opportunity to enhance the attractiveness of a
commercial lure through the use of benzaldehyde, an aromatic compound.
2.2 Introduction
In eastern North America, apple trees, Malus domestica (Borkh), are often
attacked by several insect pest species in the family Tortricidae (Lepidoptera). Some
common fruit pests of economic importance from this family are the codling moth (Cydia
pomonella) (Linnaeus) (CM), the Oriental fruit moth (Grapholita molesta) (Busck)
(OFM), and leafrollers such as redbanded leafroller (Argyrotaenia velutinana) (Walker)
(RBLR), obliquebanded leafroller (Choristoneura rosaceana) (Harris) (OBLR) and
three-lined leafroller (Pandemis limitata) (Robinson) (TLLR) (Chapman and Lienk,
1971; Lacey et al., 2007). Damage by multiple species of tortricid pest affects the
cosmetic value of apple therefore negatively impacting the revenue of apple growers
(Williamson et al., 1996).
Effective monitoring of tortricid moths is a centerpiece of integrated pest
management (IPM) programs. Common management options used by growers to control
tortricid moths are timely sprays of insecticide and the use of mating disruption (Knight,
2008). However, the application of synthetic insecticides can be detrimental to the
environment and to non-target species and there is a growing evidence of pest resistance
to various types of insecticides (Knight et al., 1994; Ioriatti and Lucchi, 2016; Wan et al.,
2019). While the use of synthetic insecticide is not a suitable option for organic growers,
mating disruption and biological pest control do represent viable options for organic
production systems (Ioriatti and Lucchi, 2016).
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Sex pheromone lures are widely used in traps to track the seasonal population
dynamics of CM, OFM, RBLR, TLLR, and OBLR males in conventional and mating
disruption orchards (Gut and Brunner, 1996). However, the use of sex pheromones in
mating disruption orchards create difficulties in accurately monitoring male moth’s
densities due to reduction in moth catches (Knight and Light, 2005). In addition, in
mating disruption systems there is a chance of mated females immigrating from outside
areas and infesting fruit in the orchard. Therefore, need of identifying alternative lures
that can attract female moths has been voiced by growers and researchers to be able to
develop eco-friendly and cost-effective IPM approaches for these notorious pests (Knight
et al., 2000; Light et al., 2001; Witzgall et al., 2008).
Monitoring female moth populations is expected to contribute to improved
phenology prediction, the establishment of more precise action thresholds, and improved
moth monitoring under mating disruption (Landolt et al., 2014; Jaffe et al., 2018; Knight
et al, 2019). It is well known that the CM adults and larvae, are attracted to apple odor
(Wearing et. al., 1973; Landolt et al., 2000; Hern and Dorn, 2002; Coracini et al., 2004).
Most of the volatile compounds evaluated thus far are associated with finding hosts or
oviposition sites (Landolt et al., 2007). The identification of pear ester (ethyl (E,Z)-2,4decadienoate) as a compound attractive to CM has improved the performance of
codlemone ((E,E)-8,10-dodecadien-1-ol), the synthetic CM sex pheromone, to detect
males. When used in combination, these dual lures can also capture females (Joshi et al.,
2011; Ioriatti and Lucchi, 2016). Similarly, the addition of acetic acid to pear ester and/or
(E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) to odor mixtures has resulted in blends that
have improved female captures (Landolt et al., 2007; Knight et al., 2011). Most recently,
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Knight et al. (2019a) evaluated pyranoid (PyrLOX) and furanoid (FurLOX) linalool
oxide, floral volatiles produced by oxidation of linalool, as additional attractants in the
synergistic blend of pear ester, acetic acid and DMNT. Only the addition of PyrLOX, 6ethenyl-2,2,6-trimethyloxan-3-ol, to the blend of pear ester, acetic acid and DMNT
caught significantly more CM males and females than other non-pheromone and
pheromone blend tested (Knight et al., 2019a).
Mass trapping is another desirable application of lures that are attractive to
females. For instance, the four kairomone blend (4K) that includes pear ester, acetic acid,
DMNT and PyrLOX was found to be an effective “female removal” strategy for CM
management (Preti et al., 2021) in the western region of the USA (e.g., Washington State,
Oregon State). However, CM populations from different geographical regions seem to
have variable responses to the 4K lure as shown in studies conducted in Italy (Löfstedt,
1990; Ioriatti et al., 2003; Trimble and El-Sayed, 2005; Meraner et al., 2008; Mitchell et
al., 2008; Dekker et al., 2020; Preti et al., 2021).
In the past few decades, studies have focused on identification of host plant
volatiles as potential attractants for adult OFM (Natale et al., 2003, 2004; Piñero and
Dorn, 2007; Varela et al., 2011; Najar-Rodriguez et al., 2013). Using gas chromatography
and mass spectrometry, Natale et al. (2003) reported twenty-two compounds that were
emitted from the headspace of peach shoots. Further research demonstrated that a threecomponent blend of (Z)-3-hexen-1-yl acetate, (Z)-3-hexen-1-ol and benzaldehyde in a
4:1:1 ratio was as attractive as the full natural blend of peach shoots. In another study,
Natale et al. (2004) reported that butyl hexanoate, a major component of apple fruit
volatile is attractive to female OFM. Subsequently, Piñero and Dorn (2007) reported a
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bioactive five-compound mixture of three green leaf volatiles, ((Z)-3-hexen-1-ol, (E)-2hexanal, and (Z)-3-hexen-1-yl acetate), and two aromatic compounds (benzaldehyde and
benzonitrile) which acted synergistically in attracting OFM females. Although numerous
studies have focused on developing novel attractants for OFM and improved trap designs,
refinements are still needed given the notable behavioral differences documented among
OFM strains. To my knowledge, field-scale studies on the chemical ecology of OFM
targeting females have not been conducted in New England.
In terms of leafrollers, sex pheromone lures are deployed at high densities in fruit
orchards as a multi-species mating disruption to manage OBLR and RBLR (Judd and
Gardiner, 2008). However, the low rate of moth captures in monitoring traps placed
inside mating disruption orchards makes it difficult to track the seasonal population and
to make pest management decisions (Knight et al., 2014). A number of plant volatiles
including (E,Z)-2,4-decadienoate (pear ester), butyl hexanoate, (E)-β-farnesene, (E)-βocimene, (E)-4,8-dimethyl-1,3,7-nonatriene, (Z)-3-hexenyl acetate (leaf acetate) and
farnesol have been tested alone or in combination with glacial acetic acid (GAA) and
codlemone (Knight et al., 2014a). Interestingly, traps baited with codlemone (sex
pheromone of CM), pear ester, and GAA co-lure caught both sexes of OBLR along with
other tortricids. However, none of the above-mentioned plant volatiles significantly
increased the leafroller captures compared to OBLR sex pheromone. El-Sayed et al.
(2016) reported that the apple seedlings release seven compounds in relatively large
amounts: acetic acid, acetic anhydride, benzyl alcohol, benzyl nitrile, indole, 2phenylethanol, and (E)-nerolidol, only when infested by larvae of the light brown apple
moth, Epiphyas postvittana (LBAM). Surprisingly, the blend consisting of benzyl nitrile
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and acetic acid attracted larger number of conspecific male and female LBAM and the
blend of 2-phenylethnol and acetic acid caught greater numbers of male and female
OBLR. Adequate levels of attraction of male and female OBLR (Knight et al., 2017 and
El-Sayed et al., 2018), and male and female TLLR (Judd et al., 2017), to the blend of 2phenylethnol and acetic acid have been reported. Furthermore, this binary blend of
kairomones caught more OBLR adults in a mating disruption orchard than pheromonebaited traps (Knight et al., 2017).
When taken together, the previous research conducted with kairomones reveals
the need to not only evaluate already developed lures in various regions of the world but
also to improve lures through the addition of plant volatiles that could result in more
effective monitoring and control systems for multiple species of tortricid moths in apple
orchards.
2.2.1 Objective:
To quantify the responses of both genders of multiple tortricid moths to
experimental kairomone lures under field conditions.
2.2.2 Hypothesis:
Traps baited with experimental kairomone lures will capture more males and
females of multiple tortricid species compared to the sex pheromone lure.
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2.3 Materials and methods
2.3.1 Study sites
Two field-scale studies were conducted. The first-year study was carried out from
13 May to 18 September, 2020, in one commercial apple orchard, Sholan Farms, in
Leominster, MA (Figure 2). This orchard received a standard insecticide spray regime by
the grower against key pests such as plum curculio, Conotachelus nenuphar (Herbst)
(Coleoptera: Curculionidae) and apple maggot fly, Rhagoletis pomonella (Walsh)
(Diptera: Tepritidae). Insecticide applied against the first pest include the
organophosphate phosmet (Imidan 70-W®; Gowan Co.), the neonicotinoid thiacloprid
(Calypso®, Bayer Crop Science LP) and the oxadiazine indoxacarb (Avaunt®, FMC) at
recommended rates. Whereas insecticides used against R. pomonella were Imidan 70W®, Avaunt®, and the neonicotinoid Assail 30G® (acetamiprid). Fungicide to control
scab and other summer diseases were applied as deemed necessary by the growers.
The second-year study was carried out from 10 June to 9 September, 2021, in four
commercial apple orchards: Sholan Farms (Leominster, MA); Sentinel Farm
(Belchertown, MA); Honeypot Hill Orchards (Stow, MA) and University of
Massachusetts (UMass) Agricultural Learning Center (Amherst, MA) (Figure 3). The
apple trees in all the orchards were medium-sized and the blocks had a mix of different
apple cultivars. Except for the UMass Agricultural Learning Center which is certified
organic and received selected OMRI-listed materials, all other orchards received standard
insecticide spray regimes by the growers as mentioned above in the first-year study.
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Figure 2. Trap deployment on the perimeter of a commercial apple orchard, Sholan Farms during first year
of the study. There were six treatments, each replicated eight times.

Figure 3. Trap deployment at (A) Sholan farms, (B) UMass Agricultural Learning Center, (C) Sentinel
Farm, and (D) Honeypot Hill Orchards. There were six treatments, each replicated ten times.

45

2.3.2 Odor treatments and trap types
For both studies, five proprietary lures (i.e., treatments) were evaluated: (1)
Pherocon® CML2-P (hereafter referred to as CML2-P), (2) Megalure CM 4K Dual®
(hereafter referred to as Megalure), (3) Megalure + TRE2265, (4) TRE2266, and (5)
TRE2267 (Table 1). The proprietary lure TRE2265 contains a single aromatic compound,
benzaldehyde, in it. The proprietary lure TRE2267 contains benzaldehyde with the same
two kairomones presented in TRE2266 (Table 1). Non-baited traps served as negative
controls. All lures were placed inside orange colored delta-shaped traps (Pherocon® VI,
Trécé Inc., Adair, OK, USA) containing liners coated with cold-melt adhesive (Myers et
al., 2009). The experimental lures were formulated by Trécé Inc in a black polyvinyl
chloride (PVC) proprietary matrix. The 2020 study had eight replications whereas the
2021 study had ten replications. Traps were set up every 15 meters along the perimeter of
apple blocks and were hanged on the upper third of the tree canopy. The relative position
of each treatment was randomized within a replicate. Once a week, traps were switched
one position clockwise within a replication to minimize the effect of position. All lures
and sticky liners were renewed every 4 weeks.
Table 1. Types of lures and their description
S/N

Lure

Description

1

Pherocon® CML2-P

Dual pheromone lure for CM and OFM

2

Megalure CM 4K Dual™

Blend of 4 kairomones (pear ester, acetic acid,
DMNT and PyrLOX) (Knight et al. 2019)

3

Megalure CM 4K Dual™ +
TRE2265

Blend of 4 kairomones plus benzaldehyde (=
TRE2265)

4

TRE2266

Blend of 2 kairomones (proprietary blend)

5

TRE2267

TRE2266 plus benzaldehyde

6

Non-baited control

No lures
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2.3.3 Data collection
For the 2020 study, traps were examined beginning on May 19 and weekly
thereafter until September 18. For the 2021 study, traps were examined beginning on
June 16 and weekly thereafter until September 9. The 2021 study missed the early season
trapping due to a delay in the procurement of lures. All captured adult moths were
identified according to species and were placed in 25 ml glass vials containing 70%
ethanol. The sex of each moth species was identified according to Fuková et al. (2009)
and Shang et al. (2021) by examining the genitalia under the dissecting microscope
(Figure 4).

Figure 4. Male genitalia (right) and female genitalia (left) of OFM (A, B), CM (C, D) and RBLR (E, F).
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2.3.4 Weather information
The mean weekly temperature (°C) and total weekly precipitation (mm)
information throughout the various trapping periods in 2020 were obtained from Sholan
Farms (Leominster, MA) using the NEWA website. The mean temperature and total
precipitation of 2020 early season was 17.9°C and 41.4 mm, mid-season was 23.4°C and
95.4 mm, and late season was 20.3°C and 8.4 mm (Figure 5A). Similarly in 2021, the
mean temperature and total precipitation of mid-season was 20.6°C and 109.7 mm, and
late season was 21.5°C and 27.2 mm (Figure 5B). No extreme weather events occurred
during either trapping year.
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Figure 5. Mean weekly captures of OFM (green bars) and CM (yellow bars) in early, mid, and late season
during 2020 (A) and mid and late season during 2021 (B). Trap capture data correspond to the dual
pheromonal lure, CML2-P. Mean temperature (°C) (red dotted lines) and total precipitation (mm) (blue
dotted lines) were obtained from the Cornell University NEWA site using weather station data from Sholan
Farms, Leominster, MA.
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2.3.5 Statistical analysis
A preliminary analysis involving Repeated-Measures Analysis of Variance
(ANOVA) using trap-capture data (males only) separately for each moth species revealed
a significant interaction of treatment and time, indicating differential responses by the
male moths to the treatments over time. Based on those preliminary analyses, the weekly
moth captures in 2020 were divided into three seasonal time periods each consisting of
six weeks (early season: May 13 to June 19; mid-season: June 20 to August 4; and late
season: August 5 to September 18). A similar Repeated-Measures ANOVA conducted on
2021 data revealed similar interactions. As a result, the trap capture dates were divided
into two seasonal time periods each consisting of six weeks (Mid-season: June 10 to July
21, and late season: July 22 to September 9). Early-season data were not collected this
year. For each year, trap-capture (males only) data from each period were analyzed
statistically with generalized linear mixed models assuming a Poisson distribution, which
compared the effects of ‘treatment’ (fixed effect) and ‘replicate’ (random factor), and the
2-way interactions among them. Overdispersion was tested by looking at deviance
goodness of fit test using a log link function. For all analyses, data were transformed to
√(x + 0.5), prior to analysis to stabilize variances. Whenever appropriate, means were
separated using post hoc Tukey protected HSD test at 5% probability level. All statistical
analyses were performed using STATISTICA v.13 (TIBCO Software Inc., Palo Alto,
CA, USA). Female moth captures were not analyzed statistically because of insufficient
numbers.
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2.4 Results
2.4.1 2020 trapping study
Early season captures (May 13 to June 19). During this period, the mixed-model
analyses revealed a significant effect of treatment on captures of OFM males (ANOVA
F₅ˏ₃₅ = 15.3, P< 0.001), CM males (ANOVA F₅ˏ₃₅ = 10.3, P< 0.001), RBLR males
(ANOVA F₅ˏ₃₅ = 30.4, P< 0.001) and TLLR males (ANOVA F₅ˏ₃₅ = 3.9, P< 0.006). The
proprietary experimental benzaldehyde-containing lure TRE2267, Megalure + TRE2265
(= benzaldehyde), and TRE2266 (the proprietary blend of 2 kairomones) caught
significantly greater number of OFM males than any other lures (Figure 6A). OFM males
captured in Megalure, Megalure + TRE2265 and TRE2266 were statistically similar to
the dual pheromone lure CML2-P. Megalure captured nine OFM females in this period
(Figure 6A). Early in the season, CML2-P captured significantly more CM males than
any other lure, which is statistically similar to Megalure (Figure 6A). CM male captures
in Megalure, Megalure + TRE2265, TRE2266, and TRE2267 were statistically similar to
each other. No CM females were captured in this period. As for RBLR males, traps
baited with TRE2266 captured significantly more moths than any other treatment (Figure
7A). The addition of TRE2265 to TRE2266 (which resulted in TRE2267) did not
increase the number of RBLR males captured by traps. But interestingly, TRE2267
captured comparatively high numbers of TLLR males, which are completely absent in
TRE2266 and other lures. None of the lures were attractive to RBLR and TLLR females,
except for very low captures (1 and 3) that occurred in TRE2266 and TRE2267,
respectively.
Mid-season captures (June 20 to August 4). The mixed-model analyses revealed a
significant effect of treatment for OFM males (ANOVA F₅ˏ₃₅ = 7.4, P< 0.001), CM males
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(ANOVA F₅ˏ₃₅ = 23.4, P< 0.001) and RBLR males (ANOVA F₅ˏ₃₅ = 17.7, P< 0.001).
During this period, the OFM male captures were significantly higher in kairomone lures
(Megalure, Megalure +TRE2265, TRE2266, and TRE2267) than pheromone lure and
none of the lures were attractive to OFM females (Figure 6B). CML2-P was the most
attractive lure for CM males in this period (Figure 6B), followed by Megalure, Megalure
+ TRE2265 and TRE2267 which were statistically similar. Traps baited with Megalure
captured eight CM females in this period (Figure 6B). For RBLR males, TRE2266 was
significantly the most attractive lure (Figure 7B). As observed earlier in the season, only
the TRE2267 lure attracted TLLR males (Figure 7B) and none of the lures attracted
RBLR and TLLR females.
Late season captures (August 5 to September 18). A significant effect of treatment
was detected for OFM males (ANOVA F₅ˏ₃₅ = 21.7, P< 0.001), CM males (ANOVA F₅ˏ₃₅
= 17.4, P< 0.001) and RBLR males (ANOVA F₅ˏ₃₅ = 3.9, P< 0.001). During this period,
Megalure and Megalure + TRE2265 captured significantly more OFM males than any
other treatment (Figure 6C). OFM male captures in TRE2267, TRE2266, and CML2-P
were statistically similar. There were very few OFM females (4), and CM females (2)
captured in this period. For CM males, CML2-P was significantly the most attractive
lure. Likewise, TRE2266 and TRE2267 lures were attractive to RBLR males and only
TRE2267 captured TLLR males (Figure 7C).
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Figure 6. Captures (mean ± SEM) of OFM and CM males in delta traps baited with five olfactory
treatments and non-baited traps (A) early in the season, (B) in mid-season, and (C) during late season in
2020. The numbers above the bars inside parentheses denote total number of female moths captured. For
each moth species, bars superscribed with the same letter do not differ significantly among treatments
(Tukey protected HSD test at P= 0.05).
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Figure 7. Captures (mean ± SEM) of RBLR and TLLR males in delta traps baited with five olfactory
treatments and non-baited traps (A) early in the season, (B) mid-season, and (C) late season in 2020. The
numbers above the bars inside parentheses denote total number of female moths captured. For each moth
species, bars superscribed with the same letter do not differ significantly among treatments (Tukey
protected HSD test at P=0.05).
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Figure 8. Percentage of OFM females (A), CM females (B), RBLR females (C) and TLLR female (D)
captured across all treatments in the 2020 study.

2.4.2 2021 trapping study
Mid-season captures (June 10 to July 21). During this period, the mixed-model
analyses revealed a significant effect of treatment for OFM males (ANOVA F₅ˏ₄₅ = 10.4,
P< 0.001), CM males (ANOVA F₅ˏ₄₅ = 53.6, P< 0.001), RBLR males (ANOVA F₅ˏ₄₅ =
16.5, P< 0.001), and TLLR males (ANOVA F₅ˏ₄₅ = 3.9, P< 0.005). TRE2267 and
Megalure + TRE2265 captured significantly more OFM males than any other lures
(Figure 9A). OFM male captures were not different statistically in Megalure, Megalure +
TRE2265, and TRE2266. None of the lures were attractive to OFM females during the
2021 mid-season. For CM males, CML2-P, Megalure and Megalure + TRE2265 were the
most attractive lures. Thirty-six CM females were captured in all; traps baited with
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Megalure + TRE2265 captured 22 females whereas traps baited with Megalure alone
captured 14 females. No other treatment attracted females (Figure 10A). TRE2266 was
the most attractive lure for RBLR males and TLLR males were attracted to TRE2267
only (Figure 10A).
Late-season captures (July 22 to September 9). Significant differences among
treatments were recorded for OFM males (ANOVA F₅ˏ₄₅ = 53.6, P< 0.001), CM males
(ANOVA F₅ˏ₄₅ = 38.3, P< 0.001) and RBLR males (ANOVA F₅ˏ₄₅ = 20.6, P< 0.001).
Megalure + TRE2265 and the benzaldehyde-containing lure TRE2267 captured
significantly more OFM males than any other lures (Figure 9B). OFM males were
statistically similar in TRE2267, Megalure, and TRE2266. Of the total number (24) of
OFM females that were captured by traps in this period, Megalure + TRE2265 captured
50% (12) of the total (Figure 9B). In the case of CM males, CML2-P and Megalure
attracted the most males (Figure 9B). Of the total number (30) of CM females that were
captured by traps in this period, Megalure captured 53% (16) of the total (Figure 10B).
TRE2266 was significantly the most attractive lure for RBLR males (Figure 10B).
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Figure 9. Captures (mean ± SEM) of OFM and CM males in delta traps baited with five olfactory
treatments and non-baited trap in (A) mid-season and (B) late season in 2021. The numbers above the bars
inside parentheses denote total number of female moths captured. For each moth species, bars superscribed
with the same letter do not differ significantly among treatments (Tukey protected HSD test at P=0.05).
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Figure 10. Captures (mean ± SEM) of RBLR and TLLR males in delta traps baited with five olfactory
treatments and non-baited traps in (A) mid-season and (B) late season in 2021. The numbers above the bars
inside parentheses denote total number of female moths captured. For each moth species, bars superscribed
with the same letter do not differ significantly among treatments (Tukey protected HSD test at P=0.05).

Figure 11. Percentage of OFM females (A) and CM females (B) captured across all treatments in the 2021
study.
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2.5 Discussion
Much of the investigations on the chemical ecology of tortricid moths have
focused on codling moth (CM), and most studies have been conducted in Northwestern
USA, Midwestern USA, or outside of USA. Research conducted in the Northeastern
USA is limited. This is an important consideration given that the response of moth
species has been found to vary in different regions around the world. For instance, CM
adults have shown variable responses to kairomone lures, including pear ester and most
recently with the 4-K blend (same as Megalure) (Löfstedt, 1990; Ioriatti et al., 2003;
Trimble and El-Sayed, 2005; Meraner et al., 2008; Mitchell et al., 2008; Dekker et al.,
2020; Preti et al., 2021). The reason behind the varied response might be different strains
or ecotypes of the moths, which differ with respect to host preference, mobility, fitness,
reproductive capacity, seasonal development, and pesticide resistance (Timm et al., 2006;
Schumacher et al., 1997; Gu et al., 2006, Boivin et al., 2005; Meraner et al., 2008). The
present study was designed to test different kairomone blends under New England
conditions to effectively develop improved monitoring and potentially control systems.
My combined results indicate that Megalure, the blend of 4 kairomones (= 4-K) is
attractive to both OFM and CM and has the potential to attract females of both species.
One of the most relevant results was that the addition of benzaldehyde (= TRE2265) to
TRE2266 - the blend of 2 kairomones and to Megalure increased captures of OFM males.
Previously, Piñero and Dorn (2007) reported that the combination of the aromatic
compounds, benzaldehyde and benzonitrile, and three green leaf volatiles ((Z)-3-hexen-1ol, (E)-2-hexenal, and (Z)-3-hexen-1-yl acetate) had a synergistic effect on female OFM
attraction. In my study, the low level of female captureed across the experiment
diminished my ability to adequately record treatment effects on OFM females.
59

This study represents the first field report of OFM attraction to 4-K blend. And
this study is the first evaluating the effects of adding benzaldehyde to commercial and
experimental lures. In the particular case of CM, the addition of benzaldehyde to 4-K
blend did not increase male captures. The greatest number of tortricid moths (four
species) were captured by TRE2267, which contains benzaldehyde in its formulation.
The lure TRE2267 also attracted females of all species but in low numbers. Secondly,
TRE2266 attracted three species of moths, with most attractive being males of RBLR,
OFM and CM.
Benzaldehyde is formed by the hydrolysis of the glycoside amygdalin and is
found in nature in combined forms such as glycoside in almond, apricot, cherry, and
peach seeds (Fieser and Fieser, 1944; Opgrande et al. 2000). The application of
benzaldehyde as semiochemical-based pest management had been explored extensively
in Coleopteran family Curculionidae. For instance, Piñero and Prokopy (2003) reported
the synergistic response of plum curculio, Conotrachelus nenuphar (Herbst), to
grandisoic acid (a male-produced aggregation pheromone) when in the presence of
benzaldehyde. In another study, Lohonyai et al. (2019) reported benzaldehyde as a
suitable monitoring tool for legume weevil, Sitona humeralis (Stephens), only early in the
season. Most recently, Ethington et al. (2021) reported the significant attraction of the
peach bark beetle, Phlorotribus liminaris (Harris), to traps baited with benzaldehyde and
its carrier ethanol.
One of the treatments evaluated (as a positive control) was the sex pheromone
lure CML2-P which targets CM. My results indicate that CML2-P is also attractive to
OFM males. By using this lure, I was able to track the seasonal population dynamics of
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OFM reflecting three peak flights of OFM (first: May 19 to June 9; second: July 14 to
July 28; third: mid-September) in 2020 (Figure 5A), indicating at least three generations
of OFM in 2020. Low OFM populations in 2021 created difficulty in assessing the flight
periods. CM had two peak flights in 2020 (First: June 2 to June 30 and Second: July 21 to
August 4) (Figure 5A) and two peak flights in 2021 as well (First: June 9 to June 30 and
Second: July 28 August 18) (Figure 5B), indicating at least two generations a year. I did
not use pheromone lures to monitor populations of RBLR, OBLR and TLLR in this
study, so the flight period and degree days date for these moths were not included.
For all four moth species evaluated, the proportion of female moths was very low
compared to the male moths, except for CM in 2021. For instance, 4-K blend captured
only 2.7% of OFM female and 11.8% CM female in the 2020 trapping period.
Previously, studies by Knight et al. (2019) in Washington State showed higher levels of
CM female attraction to 4-K blend, with 63%-80% of the total moths captured being
females. Another study with 4-K blend by Preti et al. (2021) conducted in Northwestern
USA and Italy reported that the 4-K blend attracted greater number of CM females only
for USA populations when compared with standard pheromone, pear ester and acetic acid
lures. The lower female captures in Northeast USA (current study) and Italy in 4-K blend
might be due to the specificity of the blend or ratio of volatile components that the moths
in these regions might utilize to find its hosts (Bruce and Pickett, 2011; Knight et al.,
2019). The aforementioned results confirm the need to evaluate additional host plant
volatile blends in combination with either 4-K blend or its components to attract female
moths in specific regions.
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In conclusion, my findings show that benzaldehyde played a role in the olfactory
response of male OFM but no male CM to kairomone lures. RBLR males responded
strongly to the 2-K blend (= TRE2266) whereas the benzaldehyde-containing lure
TRE2267 was very attractive to TLLR. My combined findings can be used as baseline
information to improve semiochemically-based monitoring and control systems for
multiple tortricid pests. Future research should evaluate the role that benzaldehyde at
various release rates plays in tortricid moth attraction so that high-quality attractant
signals can be presented to female moths resulting in more reliable attraction under
variable environmental conditions.
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CHAPTER 3
DOSE-RESPONSE OF ORIENTAL FRUIT MOTH TO BENZALDEHYDE
EITHER ALONE OR IN COMBINATION WITH KAIROMONES
3.1 Abstract
Tortricid moths are known for their outstanding olfaction capabilities that allow
them to detect, process, and respond to chemical information emitted by host or non-host
plants. Such an ability to filter out odors from the complex mixture to locate their host
has allowed researchers and integrated pest management (IPM) practitioners to develop
and implement semiochemically-based pest control strategies. The major goal of this
study was to evaluate, under field conditions, the response of male and female oriental
fruit moth, Grapholita molesta (Busck) (OFM) and codling moth, Cydia pomonella (L.)
(CM) to one aromatic compound, benzaldehyde, either alone or in combination with a 4component lure (Megalure CM 4K Dual®). My results indicate that (1) benzaldehyde
alone is as attractive as Megalure to male OFM, and (2) the addition of benzaldehyde at
low dose to Megalure significantly increased the captures of male OFM without reducing
the catch of female OFM. The fact that only two female OFM responded to traps baited
with benzaldehyde alone over two years, indicate that this compound is a male attractant
in the field. Due to the lower population of CM in the orchard, its response to
benzaldehyde alone or in combination with Megalure could not adequately be
determined. These findings highlight the opportunity to work with benzaldehyde to
develop more efficient semiochemical-based monitoring and control systems for tortricid
moths.
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3.2 Introduction
Insects are known for their remarkable olfaction capabilities that allow them to
detect, process, and respond to chemical information about the environment (Suckling,
2000). The fact that plant volatiles play an important role in the host-location process of
many species of herbivorous insects including species in the family Torticidae
(Lepidoptera) (Hern and Dorn, 2002) has allowed researchers and integrated pest
management (IPM) practitioners to develop and implement semiochemically-based pest
control strategies to manage tortricid pests as an alternative to exclusive use of broadspectrum insecticide (Agelopoulos et al., 1999). For instance, the use of female sex
pheromones at higher densities in orchards for extended periods to interfere mate finding
and subsequently suppress pest reproduction has led to the development of mating
disruption systems for several species of tortricid moths (Vickers et al., 1985; Minks,
1997; Knight et al., 1998; Louis and Schirra, 2001; Huang et al., 2015).
The recent development of some commercially available lures to attract both
males and females of tortricid moths had shown the prospect of more environment
friendly pest management approaches such as attract-and-kill systems that include mass
trapping (El-Sayed et al., 2006). Evidence suggests that mixtures of host plant derived
compounds are required to elicit adequate levels of response in tortricid moths (Tasin et
al., 2006; Knight et al., 2019) including the Oriental fruit moth, Grapholita molesta
(Busck) (Natale et al., 2003; Piñero and Dorn, 2007; Piñero et al., 2008). For instance,
Piñero and Dorn (2007) reported a synergistic 5-compound mixture composed of three
green leaf volatiles ((Z)-3-hexen-1-ol, (E)-2-hexanal, and (Z)-3-hexen-1-yl acetate) and
two aromatic compounds (benzaldehyde and benzonitrile) was as attractive for mated
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female OFM as the natural blend of volatiles from peach shoot, from which as many as
22 compounds were detected (Natale et al., 2003). Individual plant volatiles are usually
not attractive to tortricid moths (Dorn et al., 2001; Natale et al., 2003; Tasin et al., 2006).
For example, benzaldehyde and benzonitrile, two aromatic compounds that are
constituents of the synergistic 5-compound mixture were neither attractive nor repellent
to female OFM when tested singly or in combination against the solvent hexane (Piñero
and Dorn, 2007).
Subsequent research by Varela et al. (2011) showed increased responses of male
OFM when suboptimal doses of the OFM sex pheromone were added to the 5-compound
mixture. Although considerable studies have focused on developing novel attractants and
improved trap designs for OFM, refinements are still needed particularly when
considering behavioral differences among pest populations in response to lures in
different regions of the world. Of particular interest is the development of lures with
compounds that by acting synergistically may provide high-quality attractant signals to
female moths resulting in more reliable attraction under variable environmental
conditions (Dorn and Piñero, 2009). Examples of lures that act synergistically in tortricid
species other than OFM include the work conducted by Knight et al. (2019) and Preti et
al. (2021), who reported the use of four kairomones blend (Megalure 4-K®) consisting of
pear ester (ethyl (E,Z)-2,4-decadienoate), acetic acid, (E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT) and pyranoid (PyrLOX) (floral volatile produced by oxidation of linalool)
significantly increased catches of both codling moth, Cydia pomonella (L.), males and
females in Western USA. Whether Megalure is attractive to other moth species such as
OFM to my knowledge has not been reported before. In my previous chapter (chapter 2) I
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reported Megalure lure was found to be more attractive to OFM than to CM. Moreover,
the attraction to male OFM was increased when benzaldehyde was added to Megalure,
although this compound did not increase female OFM captures. In the same study, a 2kairomone blend (2-K) attracted threelined leafrollers, Pandemis limitata (Robinson)
(TLLR), only when benzaldehyde is added to the 2-K lure.
To summarize, the previous work and the identified information gaps prompted
me to design field studies aimed at elucidating the dose-response of OFM and CM to
benzaldehyde and the role that benzaldehyde plays when in combination with Megalure.
My overall goal is to improve the performance of lures through the addition of plant
volatiles (especially aromatic compounds) that could result in more effective monitoring
and control systems for multiple species of tortricid moths in apple orchards.
3.2.1 Objectives:
1. To quantify the response of male and female oriental fruit moths and codling moths to
varying doses of benzaldehyde.
2. To evaluate the role that benzaldehyde plays when tested in combination with
Megalure in capturing multiple tortricid moths.
3.2.2 Hypotheses:
1. Higher doses of benzaldehyde have a saturation effect on moth captures.
2. Addition of benzaldehyde to kairomonal blend will increase the captures of OFM
and CM moths.
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3.3 Materials and methods
3.3.1 Study site
Two field studies were conducted. The first study was carried out from June 17 to
September 2, 2021, and the second study was carried out from April 28 to July 25, 2022.
Both studies were conducted at the University of Massachusetts (UMass) Cold Spring
Orchard Research and Education Center in Belchertown, MA (Figure 12 and 13). This
orchard received a standard insecticide spray regime. The apple trees were medium-sized,
and the blocks had a mix of different apple cultivars.

Figure 12. Trap deployment on the perimeter of a commercial apple orchard blocks, during first-year
(2021) of the study. There were eight treatments replicated four times.
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Figure 13. Trap deployment on the perimeter of a commercial apple orchard blocks, during second-year
(2022) of the study. There were eight treatments replicated five times.

3.3.2 Odor treatments and trap types

For the 2021 study, seven lures “treatments” were evaluated: (1) Benzaldehyde
low dose (BEN-L), (2) Benzaldehyde medium dose (BEN-M), (3) Benzaldehyde high
dose (BEN-H), (4) Megalure CM 4K Dual® lure (hereafter referred to as Megalure), (5)
Megalure + BEN-L, (6) Megalure + BEN-M and (7) Megalure + BEN-H. In the 2022
study the treatments evaluated were (1) Benzaldehyde very low dose (BEN-VL), (2)
Benzaldehyde low dose (BEN-L), (3) Benzaldehyde medium dose (BEN-M), (4)
Megalure alone, (5) Megalure + BEN-VL, (6) Megalure + BEN-L and (7) Megalure +
BEN-M. In both studies, non-baited traps served as negative controls.
All lures were placed inside orange colored delta-shaped traps (Pherocon® VI,
Trécé Inc., Adair, OK, USA) containing liners coated with cold-melt adhesive (Myers et
al., 2009). The experimental lures were formulated by Trécé, Inc. in a black polyvinyl
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chloride (PVC) proprietary matrix. The 2021 study had four replications whereas the
2022 study had five replications. Traps were deployed every 15 meters along the
perimeter of apple blocks and were hanged on the upper third of the tree canopy. The
relative position of each treatment was randomized within a replicate. Once a week, traps
were switched one position clockwise within a replication to minimize the effect of
position. All lures were renewed at the start of each trapping period (6 weeks) and sticky
liners were replaced whenever it is overpopulated by moths.
Table 2. Types of lures and their description
S/N Lure

Abbreviation

Study year

1

Megalure CM 4K Dual®*

MEG

2021 and 2022

2

Benzaldehyde Very Low

BEN-VL

2022

3

Benzaldehyde Low

BEN-L

2021 and 2022

4

Benzaldehyde Medium

BEN-M

2021 and 2022

5

Benzaldehyde High

BEN-H

2021

6

Megalure + Benzaldehyde Very Low

MEG + BEN-VL

2022

7

Megalure + Benzaldehyde Low

MEG + BEN-L

2021 and 2022

8

Megalure + Benzaldehyde Medium

MEG + BEN-M

2021 and 2022

9

Megalure + Benzaldehyde High

MEG + BEN H

2021

10

Non-baited control

Control

2021 and 2022

*

Blend of 4 kairomones (pear ester, acetic acid, DMNT and PyrLOX) (Knight et al., 2019)

3.3.3 Data collection
For the 2021 study, traps were examined beginning on 24 June and weekly
thereafter until 2 September. For the 2022 study, traps were examined beginning on 5
May and weekly thereafter until 25 July. For both years, trap captures included the peak
of moth activity. All captured adult moths were identified to species and were preserved
in 25 ml glass vials containing 70% ethanol. The sex of each moth species was identified
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according to Fuková et al. (2009) and Shang et al. (2021) by examining the genitalia
under the dissecting microscope (Figure 14).

Figure 14. Male genitalia (right) and female genitalia (left) of OFM (A, B) and CM (C, D).

3.3.4 Weather information
The mean weekly temperature (°C) and total weekly precipitation (mm)
throughout the various trapping periods in 2021 and 2022 were obtained from weather
station at UMass Cold Spring Orchard Research and Education Center (Belchertown,
MA) using NEWA website. Weather data can be found in Table 3. No extreme weather
events occurred during either trapping year.
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Table 3: Weather data for trapping periods in 2021 and 2022
Mean temperature (°C)
Year

Periods

Mid
2021

(June 17-July 22)
Late
(July 23-September 2)
Early
(April 28-June 8)

Total
precipitation

average

maximum

minimum

21.4

26.2

16.5

324.4

22.1

26.7

17.4

248.4

16.0

21.7

10.3

92.5

21.2

26.9

15.5

178.3

(mm)

2022
Mid
(June 9-July 25)

3.3.5 Statistical analysis
The number of male and female moths captured per trap per week was used for
the analyses as dependent variable. A preliminary analysis (Repeated-Measures
ANOVA) of trap-capture data of OFM (males only) revealed significant interactions in
the 2021 and 2022 studies. Such interactions indicate differential responses by the male
moths to the treatments over time. Therefore, the weekly moth captures were divided into
two seasonal time periods in 2021 (mid-season: 17 June to 22 July, and late season: 23
July to 2 September) and in 2022 (early season: 28 April to 8 June, and mid-season: 9
June to 25 July). For each year, OFM trap-capture (male only) data from each period
were analyzed using generalized linear mixed models assuming a Poisson distribution,
which determined the effects of ‘treatment’ (fixed effect) and ‘replicate’ (random factor),
and the 2-way interactions among them. Overdispersion was tested by looking at
deviance goodness of fit test using a log link function. For all analyses, data were
transformed to √(x + 0.5), prior to analysis to stabilize variances. Whenever appropriate,
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means were separated using post hoc Tukey protected HSD test at 5% probability level.
All statistical analyses were performed using STATISTICA v.13 (TIBCO Software Inc.,
Palo Alto, CA, USA). Female OFM captures and CM captures were not analyzed
statistically because of insufficient numbers.
3.4 Results
3.4.1 2021 trapping study
Mid-season captures (June 17-July 22). During this period, the mixed-model
analysis revealed a significant effect of treatment on OFM males weekly catch (F₇ˏ₂₁ =
5.1, P< 0.001). Megalure containing benzaldehyde at low dose (MEG + BEN-L) caught
significantly greater number of OFM males (Figure 15). The traps containing all other
treatments did not collect more OFM males than non-baited traps and collected OFM
were statistically similar. Female OFM captures and CM captures were not analyzed
statistically because of insufficient captures. Only benzaldehyde low dose (BEN-L) and
Megalure alone (MEG) caught OFM females in this period (Figure 15). Fourteen CM
males were captured in this period, with the highest number (5) captured in traps baited
with MEG + BEN-L. CM males also responded to traps baited with benzaldehyde alone.
A total of three CM males were captured in traps baited with benzaldehyde medium dose
(BEN-M).
Late season captures (23 July to 2 September). A significant effect of treatment
was detected on captures of OFM males (F₇ˏ₂₁ = 8.9, P< 0.001). During this period, traps
baited with benzaldehyde low dose (BEN-L), Megalure with benzaldehyde low dose
(MEG + BEN-L), and Megalure with benzaldehyde medium dose (MEG + BEN-M)
captured significantly more OFM males than control traps (Figure 15). No significant
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differences among the treatments were detected. However, numerically, benzaldehyde at
higher doses had a negative effect on OFM captures in this period (Figure 15). Ten OFM
females were captured, with the highest number (4) recorded in MEG + BEN-L (Figure
15). Regarding CM, a total of ten CM males were captured in this period and no female
CM.

Figure 15. Captures (mean ± SEM) of male OFM in delta traps baited with seven olfactory treatments and
non-baited traps in the mid-season (solid green bar) and during late season (green dotted texture) in 2021.
The numbers above the bars inside parentheses denote total number of female moths captured. For each
moth species, bars superscribed with the same letter do not differ significantly among treatments (Tukey
protected HSD test at P= 0.05).

3.4.2 2022 trapping study
Early season captures (28 April – 8 June). OFM populations peaked at this period
with total 2,618 OFM (males and females) captured across all treatments. During this
period, the mixed-model analysis revealed a significant effect of treatment on OFM
males (F₇ˏ₂₈ = 24.3, P< 0.001). The traps baited with Megalure and benzaldehyde medium
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dose (MEG + BEN-M), and Megalure and benzaldehyde low dose (MEG + BEN-L)
captured significantly more OFM males than the traps baited with benzaldehyde very low
dose (BEN-VL) and the control traps (Figure 16). OFM males captured in traps baited
with benzaldehyde low dose (BEN-L), benzaldehyde medium dose (BEN-M), Megalure
alone (MEG), and Megalure with benzaldehyde very low dose (MEG + BEN-VL) were
statistically similar. Numerically, MEG + BEN-L captures highest (23) female OFM in
this period. A total of twenty-two CM males were captured in this period, which were
insufficient for statistical analysis.
Mid-season captures (9 June – 25 July). Number of OFM males caught in the
traps differed among the treatments (F₇ˏ₂₈ = 32.5, P< 0.001). During this period,
Megalure with benzaldehyde medium dose (MEG + BEN-M) captured significantly more
OFM males than traps baited with MEG, BEN-M, BEN-L and BEN-VL (Figure 16).
Traps with MEG + BEN-M, MEG + BEN-L and MEG + BEN-VL had statistically
similar OFM male captures in this period. All treatments attracted more OFM males
compared to non-baited control. Megalure alone (MEG) had statistically similar male
OFM capture as any doses of benzaldehyde tested. There were very few female OFM
captured in this period. A total of forty-five CM males were captured across all
treatments, which was very low for statistical analysis.
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Figure 16. Captures (mean ± SEM) of male OFM in delta traps baited with seven olfactory treatments and
non-baited traps early in the season (dotted blue texture) and in the mid-season (solid blue bar) in 2022.
The numbers above the bars inside parentheses denote total number of female moths captured. For each
moth species, bars superscribed with the same letter do not differ significantly among treatments (Tukey
protected HSD test at P= 0.05).
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Figure 17. Captures of OFM (A) and CM (B) in standard sex pheromone baited monitoring trap, in the
year 2021 and 2022, installed at Cold Spring Orchard.
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3.5 Discussion
Herbivore insects have long been recognized to possess remarkable olfaction
capabilities to filter out odors from complex mixture of volatile compounds that are
constantly emitted from both host and non-host plants (Suckling, 2000; Bruce et al.,
2005). From the complexity of plant volatile blends, relatively few compounds primarily
dominate the whole composition (Hern and Dorn, 2003). However, there are few minor
components that are equally important for adequate behavioral response by insect
herbivores (Masson and Mustaparta, 1990; Piñero and Dorn, 2007; Piñero et al., 2008).
Additionally, insect herbivores that can switch hosts and are multivoltine may have
switching preference for changing odor mixtures across the growing season (Vallat and
Dorn, 2005; Tasin et al., 2005). Furthermore, different strains or ecotypes of the same
species of insect, which differs with respect to mobility, fitness, reproductive capacity,
seasonal development, and pest resistance might have varied response to plant volatiles
and even to its sex pheromone (Timm et al., 2006; Schumacher et al., 1997; Gu et al.,
2006, Boivin et al., 2005; Meraner et al., 2008). Therefore, for semiochemically-based
pest management, there is a need to identify and test various odor components that can be
effective crop-wise, season-wise, and location-wise.
In this study, we evaluated the dose-response of benzaldehyde either alone or in
combination with blend of four kairomones (Megalure 4-K: pear ester, acetic acid,
DMNT, and PyrLOX) to attract OFM and other tortricids in the field. My combined
results from two years indicate that the addition of benzaldehyde low dose to Megalure
(MEG + BEN-L) resulted in a very attractive lure for male OFM. In my 2021 study, I
found that benzaldehyde at the highest release rate (BEN-H) reduced OFM catch when
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used alone or in combination with Megalure. Consequently, this high dose was omitted
from the 2022 study and was replaced by very low dose of benzaldehyde. Such a
decrease in dosage of benzaldehyde was decided in part based on Piñero and Dorn (2007)
and Piñero et al. (2008) who reported that physiologically (at the level of antennal lobes)
and behaviorally, lower doses of compounds including benzaldehyde exerted a stronger
stimulant effect. Interestingly, benzaldehyde alone at all release rates were as attractive as
Megalure (positive control) at capturing OFM males. Therefore, benzaldehyde is a
compound of interest as a male-attractant, as reflected by just two OFM females that
were capture in traps across the two study years.
Benzaldehyde is one of the industrially important members of the family of
aromatic aldehydes which is formed by hydrolysis of the glycoside amygdalin (Fieser and
Fieser, 1944; Opgrande et al. 2000). It is regarded as a comparatively specific plant odor
predominant in the genus Prunus (Rosaceae) (Natale et al., 2003). The application of
benzaldehyde as a semiochemical has been explored extensively in the Coleopteran
family Curculionidae (Leskey et al., 2001; Leskey and Wright, 2004; Piñero et al., 2001;
Piñero and Prokopy, 2003, 2006; Lohonyai et al., 2019; Ethington et al., 2021).
Regarding Lepidopteran pests, Piñero and Dorn, (2007) reported the addition of two
aromatic compounds (benzaldehyde and benzonitrile) to three green leaf volatiles as
attractive as peach shoots for female OFM. Subsequently, Varela et al. (2011) showed
increased responses of male OFM when suboptimal dose of the OFM sex pheromone
were added to the 5-compound mixture containing benzaldehyde.
My results also indicate that OFM females responded to traps that had Megalure
present rather than benzaldehyde. Megalure is a commercially available lure targeting
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CM. This is the first study reporting attractiveness of Megalure to OFM. Unlike males,
OFM females are known to utilize mixture of volatile compounds to exhibit an adequate
behavioral response. For instance, in a dual-choice bioassay, Piñero and Dorn (2007)
reported benzaldehyde alone was neither attractive nor repellent to female OFM when
tested against the solvent hexane and was attractive only when presented in a 5compound mixture. Likewise, in my study female OFM only responded to the trap that
has Megalure in it, indicating the importance of volatile mixtures. However, it remains
unclear if the observed female response to Megalure is due to a single component of the
mixture, or if the attractant effect is exerted by multiple compounds.
Due to the lower CM population size in the orchard, the dose response of
benzaldehyde and their effect on CM response when combined with Megalure could not
be assessed. Megalure was first identified as a bisexual attractant for CM in the Western
USA (Knight et al., 2019). Future studies in orchards with higher CM population size
might elucidate the actual response of moth to benzaldehyde and other volatile mixtures.
However, benzaldehyde was reported as a strong repellent for female CM in a singlecomponent dual choice bioassay by Vallat and Dorn (2005).
In conclusion, my findings showed that (1) benzaldehyde is a strong male
attractant – it was as attractive as Megalure for male OFM and (2) captures of OFM
males can be increased by the addition of benzaldehyde at low or medium dose to
Megalure without affecting female captures. These findings can be used as baseline
information to improve semiochemically based monitoring and control systems for
multiple tortricid pests. Future research should evaluate the role that benzaldehyde or
similar micro components can play in various bioactive blends to attract tortricid moth so
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that high-quality attractant signals can be presented to both sexes of moths resulting in
more reliable attraction under variable environmental conditions.
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